Severe congenital protein C (PC) deficiency is an autosomal recessive hereditary thrombophilia caused by mutations in PROC. The case manifested severe purpura fulminans, intracranial thrombosis or hemorrhage within 4 days after birth, resulting in blindness.
We report the identification of inherited compound heterozygous mutations, including a novel nonsense mutation in PROC, and a prenatal genetic test for a subsequent pregnancy. Prenatal diagnosis may facilitate preemptive and radical therapy for severe PC deficiency.
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Protein C (PC) is the proenzyme of a vitamin K-dependent serine protease involved in blood coagulation. Deficiency in PC impairs the inactivation of activated factors V and VIIIC, promoting excessive fibrin formation and constituting a risk factor for thrombosis. 1 Severe congenital PC deficiency (OMIM: 612304) is rare, although heterozygous PC deficiency (OMIM: 176860) is the second leading cause of genetic predisposition to thrombosis in Japan.
2 FV Leiden (G1691A) and FII mutation (G20210A) are the major causes of thrombosis in Caucasians. 3, 4 However, in Asian populations, approximately half of the patients with deep venous thrombosis carried heterozygous mutations in one of the protein S (PS; PROS1), PC (PROC) or antithrombin (AT; SERPINC1) genes. [5] [6] [7] Mutations in PROS1, PROC and SERPINC1 have larger effects on thrombosis than mutations in FV Leiden or FII. 8 Although it is still controversial whether thrombosis due to these genetic conditions is a risk factor for pregnancy complications, the risk for thrombosis during pregnancy is high. 9 The frequency of heterozygous mutations in PROC in the Japanese population has previously been estimated at 1 in 700 based on the plasma activity of PC in a selected population. 10 None of the parents of patients with congenital PC deficiency reported in this study had experienced thromboembolism. 10 However, considering the frequency of congenital PC deficiency in Japan, the true frequency of heterozygous mutations may be higher. 5 Here we report a familial case of PC deficiency with a novel mutation in PROC, and a prenatal genetic test for severe congenital PC deficiency.
A genetic study was conducted for the family. Informed consent was obtained from the proband's parents. Experimental protocols and ethics approval for this study was obtained from the Review Boards of Kobe University. Peripheral blood samples were obtained from the family. Genomic DNA was extracted using the QIAamp DNA Mini Kit (Qiagen, San Francisco, CA, USA). Targeted Sanger sequencing was performed to detect mutations in the PROC gene. 10 Primers for sequencing were PROC_exon9_F: 5′-AGTGCCTGGGACGTGTGGGT-3′; PROC_exon9_R: 5′-GTGCCGT GGAAGGAGGCGAC-3′. For prenatal diagnosis, amniotic fluid was collected at 16 weeks of gestation. DNA was directly extracted from 10 ml of amniotic fluid. To exclude contamination of the maternal genome, six microsatellite markers were analyzed for the family.
11
The index case was a 3-year-old boy with total blindness. No intellectual disability or psychomotor developmental delay was demonstrated. The proband, the first child of nonconsanguineous parents, was born at 38 weeks and 4 days of gestation. His father had bilateral amblyopia and right hydronephrosis at the age of 10. His mother had no past medical history until she had a massive hemorrhage during delivery, for which she needed a blood transfusion. Both great-grandfathers died from cerebral infarction ( Figure 1b) . The patient was transferred to the newborn intensive care unit at Kobe University Hospital 2 days post birth presenting with dark purpura on both sides of his legs (Figure 1a , upper left and middle). Well-demarcated purpuric lesions with central necrosis suggested a diagnosis of purpura fulminans (PF). Bilateral ocular hemorrhage and intracranial thrombosis or hemorrhage ( Figure 1a , upper and lower right) were observed on day 3. Blood tests showed that PC activity and antigen were below 10 and 5%, respectively. Hemoglobin level was 11.2 g dl
; white blood cell count was 11,400 μ l −1 ; and platelet count was 70,000 μ l −1 . Prothrombin time per international normalized ratio (1.41) and activated partial thromboplastin time (46.5 s) were slightly elevated. Plasma fibrinogen level was decreased (41.0 mg dl −1 ) but D-dimer was increased (111.1 μg ml −1 ), as were plasma fibrinogen degradation products (203.2 μg ml −1 ). Both antithrombin level (40%, normal range 60-90%) and PS free antigen level (55%, normal range 60-150%) were slightly decreased. Therefore, PF as a result of congenital severe PC deficiency with 1 disseminated intravascular coagulation was suspected. The patient was started on anticoagulation therapy on day 3: 30 ml kg −1 of fresh frozen plasma (FFP) was transfused. PC (12,500 units) (Anact C, The Chemo-Sero-Therapeutic Research Institute, Japan) was also transfused continuously from day 4 to 9. From day 10, 0.1 mg kg day −1 of warfarin (Eisai, Tokyo, Japan) was administered, with gradual increase of the dosage. Symptoms were markedly improved, with PF completely resolved by day 14 (Figure 1a , lower left and middle). Target sequencing for PROC identified compound heterozygous mutations c.1015G4A (p.Val339Met) and c.1003C4T (p.Gln335*) in exon 9 of PROC (Figure 1b) . The mutations were detected in the mother and father, respectively. The c.1015G4A mutation detected in the mother was previously reported as a founder mutation; 12 however, the c.1003C4T mutation was novel. Blood tests for the parents showed that PC activity and antigen were decreased in both: 53 (normal range 64-146%) and 35% (normal range 70-150%) in the father and 50 and 43% in the mother, respectively.
The parents consulted the genetic counseling unit at the Kobe University Hospital about the possibility of prenatal genetic testing in their next pregnancy. Board members discussed the ethics of the test and determined that they would offer the prenatal test, but only provide the results of the diagnosis if the fetus was found to be a compound heterozygote. After genetic counseling, prenatal testing was performed. The fetus was a heterozygous carrier of the maternal pathogenic allele (Figure 1c) . We informed the parents that the fetus was not a compound heterozygote of the mutations and therefore would not have the symptoms of severe PC deficiency, and the parents continued the pregnancy. During the pregnancy, the mother's PC activity and antigen level decreased to between 29-51% and 33-55%, respectively. Usually, the plasma activity levels of PS decrease but those of PC increase until 22 weeks of gestational age. 13 However, PC activity levels remained low throughout the pregnancy. The fetus was delivered at 38 weeks of gestation by an uncomplicated vaginal delivery. The mother was prescribed warfarin after the pregnancy. The baby was female, with birth weight 2,646 g. Although her PC activity and antigen level was also decreased to 16 and 17%, respectively, she did not show any signs of thrombosis, and was clinically healthy. The genetic diagnosis for the fetus was confirmed phenotypically and genetically after birth.
Severe congenital PC deficiency is a rare genetic condition with severe thrombosis, manifesting systemic symptoms, sometimes soon after birth, with poor prognosis, even when the patient is treated with FFP, anticoagulants and antibody-purified PC concentrate. 2 In contrast, a milder, autosomal dominant, PC deficiency is frequently seen in Asian populations. Surprisingly, the incidence of venous thromboembolism for heterozygous carriers of PROC mutations in Asia was estimated at 40%.
14 Despite the high prevalence of PC deficiency, maternal screening for coagulation factors is not common in Asia. Moreover, there are few parents with PC deficiency who manifest thrombosis until reproductive age. Therefore, it is quite difficult to predict severe congenital PC deficiency before birth. Indeed, several cases of prenatal diagnosis for congenital PC deficiency have been reported worldwide, but for subsequent pregnancies. 15, 16 This is the first case of prenatal diagnosis of PC deficiency reported in Japan. Recently, domino liver transplantation for the treatment of congenital PC deficiency has been reported. 17 New interventions such as this, or regenerative medicines, will be better implemented if treatment is initiated in a timely manner owing to earlier diagnosis with prenatal genetic testing.
More than 200 mutations affecting PC have been reported worldwide. 18 In the present case, both mutations were in the active site of PROC. 12 The p.Val339Met mutation found in the mother is one of the main founder mutations in the Japanese population, 19 but it is not found in the Korean population. 14 This implies that this mutation arose in recent years, given that Japanese and Korean populations originate from the same ancestors. Considering the high carrier frequency of this mutation in the Japanese population, its expansion over such a short period of time may mean that some advantage is conferred on carriers of this mutation. Although the father's mutation was a novel nonsense mutation, his previous medical history and serum PC level indicate that this mutation is likely pathogenic. Offering a precise questionnaire for familial medical history may have provided clues for the identification of PC deficiency in the patient.
In conclusion, we have identified a novel missense mutation in PROC, which leads to severe PC deficiency. Despite timely diagnosis and treatment, the case did not escape the complication of blindness. Genetic testing was able to provide the family with the possibility of family planning, or earlier treatment options. In the event of a pathogenic diagnosis, more radical treatment for congenital PC deficiency could be expected. 
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